Background There is increasing interest in using administrative claims data for surveillance of surgical site infections in THAs and TKAs, but the performance of claims-based models for case-mix adjustment has not been well studied. Performance of claims-based models can be improved with the addition of clinical risk factors for surgical site infections. Questions/purposes We assessed (1) discrimination and calibration of claims-based risk-adjustment models for surgical site infections; and (2) the incremental value of adding clinical risk factors to claims-based risk-adjustment models for surgical site infections.
administrative records and classified by the Charlson comorbidity index. Clinical details were obtained from the institutional joint registry and patients' electronic health records. Cox proportional hazards regression models were used to estimate the 1-year risk of surgical site infections with a robust sandwich covariance estimator to account for within-subject correlation of individuals with multiple surgeries. The performance of claims-based risk models with and without the inclusion of four clinical risk factors (morbid obesity, prior nonarthroplasties on the same joint, American Society of Anesthesiologists score, operative time) was assessed using measures of discrimination (C statistic, Somers' D xy rank correlation, and the Nagelkerke R 2 index). Furthermore, calibrations of claims-based risk models with and without clinical factors were assessed graphically by plotting the smoothed trends between model predictions and empirical rates from Kaplan-Meier. Results Discrimination of the claims-based risk models was moderate for the THA (C statistic = 0.662, D xy = 0.325, R 2 = 0.028) and TKA (C statistic = 0.621, D xy = 0.241, R 2 = 0.017) cohorts. Inclusion of four clinical risk factors improved discrimination in both cohorts with significant improvement in the C statistic in the THA cohort (C statistic = 0.043; 95% CI, 0.012-0.074) and in the TKA cohort (C statistic = 0.027; 95% CI, 0.007-0.047). Visual inspection suggested that calibration of the claims-based risk models was adequate and comparable to that of models which included the four additional clinical factors. Conclusions Claims-based risk-adjustment models for surgical site infections in THA and TKA appear to be adequately calibrated but lack predictive discrimination, particularly with TKAs. The addition of clinical risk factors improves the discriminative ability of the models to a moderate degree; however, addition of clinical factors did not change calibrations, as the models showed reasonable Each author certifies that he or she, or a member of their immediate family, has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research 1 editors and board members are on file with the publication and can be viewed on request. Each author certifies that his or her institution approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained.
Introduction
THAs and TKAs are common procedures in the United States [32] . Approximately 0.5% to 3% of patients undergoing THAs and TKAs develop surgical site infections [20, 22, 25, 26] . Variation in surgical site infections rates across hospitals is partly attributable to differences in case mix and partly to differences in prevention practices. Therefore, these infection rates are considered an important hospital quality measure and part of value-based purchasing criteria.
Although there is widespread consensus that public reporting of surgical site infections requires adjustment for case-mix variability in patient populations across hospitals, identifying the optimal approach to risk adjustment remains a difficult process [2, 8] . Traditionally, a generic risk index had been used to adjust for surgical site infection rates as part of the CDC National Healthcare Safety Network (NHSN) tracking system [10] . Procedure-specific versions have been adopted by the CDC more recently and the new versions include additional adjustors to better account for the case mix of patients undergoing THA and TKA across hospitals [24] . However, participation in the NHSN tracking system is not universal. In addition to the revised NHSN risk-adjustment method, the utility of Medicare claims data for automated surveillance of surgical site infections has been investigated [9, 16] . In particular, the Yale New Haven Health Services Corporation/Center for Outcomes Research and Evaluation developed a hospital-level, risk-standardized complicationrate measure for primary THAs and TKAs using 29 hierarchical condition-categories-defined comorbidities for casemix risk-adjustment [16] . In another study, Bozic et al. [5] [6] [7] relied on the Medicare 5% claims data sample to develop claims-data-based risk-prediction models for periprosthetic joint infections. Medicare data-based analyses were based on patient age, sex, and claims-based comorbidities and did not include other significant clinical predictors of surgical site infections, such as surgical history of the joint, the American Society of Anesthesiologists (ASA) score, or immunosuppressed states [3, 4, 12, 14, 19, 25, 34] .
The fundamental premise of all the efforts is that administrative claims data are readily available, contain a wealth of information, and can be used for surveillance of surgical site infections using claims data-derived comorbidities as a case-mix adjustor and risk prediction. However, claims data lack basic clinical details, and the performance of comorbidities in predicting surgical site infection risk may be compromised by the absence of procedure-and patient-specific risk factors not adequately captured in claims data. So far, the performance of claimsbased risk-adjustment models for surgical site infections has not been tested against clinically derived risk models.
With this background, our objective was to evaluate the calibration and discrimination of claims-based risk-adjustment models and the incremental value of adding clinical data to the claims-based models. The fundamental question we sought to address was whether claims-based comorbidities adequately capture case-mix for surgical site infections in THAs and TKAs. Specifically, we sought to assess (1) the discrimination and calibration of claims-based risk adjustment models for surgical site infections, and (2) the incremental value of adding clinical risk factors to claimsbased risk-adjustment models for surgical site infections.
Patients and Methods
This retrospective study included all patients who underwent THA and TKA (primary and revision, excluding revision for surgical site infections) at the Mayo Clinic in Rochester Minnesota, between January 1, 2002 and December 31, 2009. Patients who had denied authorization for use of their medical records in research studies, those who underwent hip hemiarthroplasty, partial knee replacement procedures, and revision procedures for prosthetic joint infections were excluded from the study.
Patient comorbidities recorded at the index hospitalization were identified using the ICD-9 diagnoses from index admission and were classified using the Charlson comorbidity index [11] . Because the majority of surgeries were the only encounter for referral patients operated on at our institution, it was not possible to identify comorbidities from previous (12-month) data. Perioperative and intraoperative surgery-specific data were obtained from the institutional total joint registry and electronic health records and included four clinical risk factors previously shown to be predictive of surgical site infections [4] . The four factors were prior surgeries on the same joint, length of operative time, ASA score, and morbid obesity. Electronic health records were used to capture patient height and weight measurements and BMI at the time of surgery. Morbid obesity was defined as having a BMI greater than 40 kg/m 2 .
The primary clinical endpoint for our study was surgical site infections within 1 year after surgery. Potential surgical site infections, including superficial and deep infections, were identified using the total joint registry followup data and the institutional Infection Control Database. Medical records of all patients with potential surgical site infections were reviewed manually using a pretested data collection form to validate diagnoses and collect required data elements so that infections could be classified according to previously proposed criteria [4, 27, 28] .
Descriptive statistics of study population baseline characteristics were reported as mean ± SD or count (percentage), as appropriate. Cox proportional hazards regression model was used to test the association of claimsbased and clinical-based risk factors with 1-year postsurgical risk of surgical site infections. Because data were expressed at the joint level with some individuals having multiple surgeries, a robust sandwich covariance estimator was used to correct the working independence model for within-subject correlation. Multivariable claims-based risk models were fit separately on the THA and TKA cohorts, using an a priori set of predictor variables that included patient age, sex, type of surgery (primary versus revision surgery), and 16 individual Charlson index comorbidities [5, 6, 9] . We then fit a second set of models, which included the same claimsbased predictors and, additionally, four clinical predictorsmorbid obesity (BMI [ 40 kg/m 2 ), prior surgeries on the same joint, ASA score, and length of operative time. Assessment of overall model performance was based on predictive discrimination (that is, the model's ability to distinguish subjects who had surgical site infections from those who did not) as measured by the concordance (C) statistic, Somers' D xy rank correlation, and the Nagelkerke R 2 index. The C statistic from a Cox proportional hazards model represents the proportion among all usable pairs of patients in which the patient with longer observed survival was predicted by the model. A pair of patients is considered usable if both subjects have surgical site infections but at different times, or if one has a surgical site infection and the other is censored at an equal or later followup time. A C statistic of 0.5 corresponds to a noninformative model, whereas a value of 1.0 corresponds to a perfectly discriminating model. The R 2 index is another unitless measure of the model's predictive ability, where higher values indicate more variation in the survival outcome is explained by the model. For internal validation of the models, we used 200 bootstrap resamples (each selected via random sampling with replacement from the original cohort of an equal sample size) to estimate the bias attributable to overfitting or overoptimism in each model and then recalculated the measures of model performance correcting for this bias. For formal comparison of the performance of the claims-based model with and without inclusion of the clinical predictors, we used an integrative discrimination improvement to show how far, on average, individuals were moving (in an appropriate direction) along the continuum of predicted risk. The improved discrimination, as a result of adding the four clinical predictors to the model, was estimated separately in groups of patients with and without surgical site infections. Higher integrative discrimination improvement among patients who had surgical site infections indicated improvement in sensitivity, whereas a higher integrative discrimination improvement among patients without surgical site infections indicated improvement in specificity [23] . These then were combined to derive an aggregate estimate of integrative discrimination improvement based on the equally weighted sum of improvement, which was tested for significance using a one sample t-test.
To assess calibration-the model's ability to predict accurately the subsequently observed surgical site infection risk-the model survival predictions were binned into deciles and plotted against empiric rates free of surgical site infections, estimated using the Kaplan-Meier method. A calibration curve based on a nonparametric, locally estimated scatterplot smoothing estimator was used to show how closely the predicted survival values related to the observed frequency without surgical site infections. A curve that deviated appreciably from the 45°line of identity (ideal calibration) would show evidence that the model was miscalibrated. Data points to the right of the identity line indicate overestimation of surgical site infection survival by the model (that is, the model would underestimate the risk of surgical site infections developing), whereas points to the left indicate underestimation. All analyses were performed using SAS 1 software, version 9.3 (SAS Institute, Cary, NC, USA).
Our study included 9720 THAs (2515 revisions) in 8270 patients and 10,451 TKAs (1522 revisions) in 8253 patients (Table 1) . Overall, mean patient age (± SD) at the time of surgery was 66.2 (± 12.6) years and patients who underwent TKAs were slightly older. Less than 1 .
2 (45%) of the patients were men. Mean operative time was longer for revision procedures and ASA scores were slightly higher at the time of revisions compared with primary procedures. Mean BMI was slightly higher in patients who underwent TKAs. The overall proportion of morbidly obese patients (BMI [ 40 kg/m 2 ) was 9% and there were more morbidly obese patients (12%) in the primary TKA group. A total of 368 surgical site infections occurred during the 1-year window after surgery. Of these, 192 were prosthetic joint infections, as classified by the Infectious Diseases Society of America criteria [27] . The 1-year cumulative incidences of all surgical site infections were 1.31%, 2.83%, 1.88%, and 2.98% for primary THA, revision THA, primary TKA, and revision TKA, respectively.
Results
The adjusted hazard ratios for risk of surgical site infections were calculated for the claims-based and clinical multivariable models, separately for THAs and TKAs. Of the 16 comorbidities included in the multivariable models for patients who underwent THAs (Table 2) , pulmonary disease, mild liver disease, diabetes mellitus, and rheumatologic diseases were significantly associated with surgical site infections, once adjustments were made for patient age, sex, and revision status (the claims model). Of the associated comorbidities, mild liver and rheumatologic diseases were associated with surgical site infections when further adjustments for the four clinical factors (the clinical model) were performed. The four clinical factors contributed to the model, either in terms of individual effects (all except operative time), and when tested as a combined effect based on model-log likelihood (37.4; p \ 0.001). In the TKA cohort (Table 3) , renal disease was the only comorbidity significantly associated with surgical site infections in the claims and clinical models. In the clinical model, morbid obesity was the only clinical predictor of surgical site infections, although the overall contribution from all four clinical factors was shown to be significant based on log likelihood (17.0; p = 0.009).
As indicated by the performance statistics, the models showed better performance in the THA cohort than the TKA cohort ( Table 4 ). The original fit of the claims-based THA model, which included patient age, sex, surgery type (primary versus revision), and Charlson comorbidities, had a C statistic of 0.662 (although an overfitting-corrected estimate of 0.629 may provide a more accurate measure of the model discrimination in our cohort). The C statistic increased to 0.706 (bias-corrected, 0.665) with the addition of the four clinical risk factors (difference, 0.043; 95% CI, 0.012-0.074; p = 0.006). The C statistic of 0.621 (bias-corrected, 0.585) from the claims-based TKA model improved significantly to 0.648 (bias-corrected, 0.606) with the addition of (7) 123 (5) 1069 (12) 158 (10) 1826 (9) Comorbidities , n (%)
Myocardial infarction 539 (7) 212 (8) 821 (9) 97 (6) 1669 (8) Congestive heart failure 669 (9) 243 (10) 988 (11) 124 (8) 2024 (10) Peripheral vascular disease 717 (10) 200 (8) 1011 (11) 100 (7) 2028 (10) Cerebrovascular disease 928 (13) 268 (11) 1368 (15) 158 (10) 2722 (13) Dementia 69 (1) 25 (1) 77 (1) 11 (1) 182 (1) Pulmonary disease 1059 (15) 315 (13) 1695 (19) 217 (14) 3286 (16) Ulcers 636 (9) 187 (7) 1092 (12) the four clinical risk factors (difference, 0.027; 95% CI, 0.007-0.047; p = 0.009). Furthermore, adding the four clinical factors to the claims-based model translated to an improvement in the integrative discrimination improvement among patients who had THA (integrative discrimination improvement, 0.37%; 95% CI, 0.12-0.62; p = 0.003), particularly for the subgroup with surgical site infections (that is, improvement in sensitivity) ( Fig. 1) . In contrast, the integrative discrimination improvement was not significantly improved in the models for TKA (Fig. 2) , neither in the overall patient group nor in the subset of patients with surgical site infections.
The claims-based models appeared reasonably calibrated and the addition of clinical factors did not result in noticeable improvement in calibration in either THA (Fig. 3) or TKA (Fig. 4) . Visual inspection of the empirical free-of-surgical site infections rates by prediction deciles and the calibration curve from a nonparametric locally estimated scatterplot smoothing estimator suggested no clear signs of miscalibration in either the claims-based or the clinical models. The calibration curves of the two models looked fairly similar. The models appeared to be reasonably calibrated without noticeable improvement once the clinical factors were added to the models. 
Discussion
There is increasing interest in using administrative-claims data for surveillance of surgical site infections but the performance of claims-based models for case-mix adjustment has not been well studied. In a large cohort of patients who underwent total joint replacement at one tertiary care institution, we examined the predictive performance of claims data-based comorbidities as a case-mix adjustor for surgical site infections and the incremental value of adding clinical risk factors. Our findings suggest that the claimsbased risk-adjustment models for surgical site infections are well calibrated but lack predictive discrimination. Discrimination can be improved by the addition of clinical risk factors.
Our study results should be interpreted in light of some potential limitations. First, our study was confined to procedures performed at one hospital, which can restrict power 0.37% (0.12%-0.62%) 0.09% (À0.02% to 0.21%) * CIs calculated using the jackknife. and generalizability of findings to other institutions. However, this is also a strength of the study because confounding by unknown and known healthcare delivery factors, such as infection-prevention practices, is minimized. Ideally, future multicenter studies will take into account hospital-level healthcare delivery factors when assessing the performance of risk prediction models. Second, our method for ascertainment of comorbidities and surgical site infections outcomes is different than those of previous analyses. Similar to other investigators [5-7, 9, 16] , we relied on electronically available administrative data to ascertain comorbidities but our time window was limited to the index hospitalization. This is in contrast to a Medicare study which ascertained comorbidities from the 1-year period before admission [16] . Therefore, we may have under-ascertained some comorbidities. Despite this, a qualitative comparison of the prevalence of comorbidities revealed minimal differences. In addition, the types of comorbidities we included are different from other claimsbased analyses [5] [6] [7] 16] . For example, the Centers for Medicare & Medicaid Services complication measure [16] grouped comorbidities using 29 condition categories, whereas the analyses by Bozic et al. [5] [6] [7] were based on the Elixhauser method. Other important differences in our study include the exclusion criteria, outcome definitions, and the time for ascertainment of surgical site infections. Despite these differences in methods, unique strengths of our study are complete ascertainment and chart reviewbased validation of all surgical site infection outcomes, which minimized measurement bias. Owing to active followup of patients through the institutional total joint registry, we were able to identify all surgical site infections during the 1 year after surgery. In addition, partly because of the availability of unique institutional resources, we were able to ascertain and examine difficult to obtain clinical risk factors known to be associated with surgical site infections. This rarely is possible in other settings. Finally, although our cohorts are large, it is questionable whether the number of surgical site infections is adequate to ensure a reliable model of this many candidate predictor variables and avoid overfitting. We assessed this using internal validation and found a modest amount of overfitting based on model C statistics which were overoptimistic by approximately 0.03 to 0.04. Since overfitting tends to produce overestimated effects, we estimated the calibration slope in the bootstrap procedure and found that model accuracy would benefit from some shrinkage in these regression coefficients (by approximately 20% to 25%) which further suggests overspecification in the modeling.
Our results indicate that the discrimination (ability to separate patients who do and do not experience surgical site infections) of claims-based models is poor (bias-corrected C statistics, 0.629 for THA and 0.585 for TKA), but substantially improved with the addition of four wellestablished clinical risk factors for surgical site infections, particularly in patients who underwent THA. Nevertheless, discrimination of the clinical models remained modest (bias-corrected C statistics were less than 0.7), suggesting that other clinical risk factors could be incorporated to riskadjustment models of surgical site infections to further improve prediction.
Surgical site infections, particularly, prosthetic joint infections, cause substantial patient morbidity and mortality, and contribute to arthroplasty-related healthcare costs [21, 35] . Although the overall incidence of surgical site infections is low, the absolute number is expected to increase in the future owing to increased volume of total joint replacement procedures and growth in the proportion of high-risk patients. Numerous surgical site infections potentially are preventable through effective management of patient risk factors and implementation of hospital-based infection-prevention practices. Surveillance of surgical site infections rates is considered an important quality measure for hospital profiling and future value-based purchasing and pay-for-performance programs. However, not all patients have the same baseline risk for surgical site infections and hospitals and surgeons differ in the case mix of their patients. Therefore, risk adjustment for case-mix differences is an essential component of comparisons of surgical site infections across hospitals. Apart from issues related to case-mix adjustment, risk prediction of surgical site infections for an individual patient can define specific prevention strategies. Reliance on claims data is becoming increasingly popular because the data are readily available and offer the ability to conduct surveillance activities with minimal additional data-collection requirements. However, many of the strong predictors of surgical site infections in total joint replacement are intrinsic patient factors and/or surgical factors that are not adequately captured in claims data. Coupled with the inadequacy of claims data in terms of completeness and coding errors, there are concerns regarding the potential consequences of using claims data for case-mix adjustment in surveillance of surgical site infections in total joint replacement [15, 29] . Therefore, it is important that the findings of claims-based analyses are validated against high-quality, clinically derived data, because prior studies of various medical conditions and cardiac procedures indicate that the concordance between administrative claims data and medical-record documentation may vary substantially, and adding clinical data to claims data can significantly improve risk prediction and also alter performance ratings of hospitals [13, 17, 30] .
Our analyses are an external assessment of claims-based risk models for surgical site infections in one hospital, focusing on two important measures of predictive performance [33] . Discrimination is the ability of a model, using a set of predictor variables, to accurately separate patients who did and did not experience surgical site infections. The C statistic is the standard approach to quantifying discrimination, where a value of 0.5 indicates that discrimination is no better than chance, whereas larger values indicate better discrimination. We found the discrimination of claims-based models (especially in TKA) to be lacking, with a bias-corrected C statistic of approximately 0.6. This may be attributable to two factors: lack of prediction of the claims-based risk models and/or a more homogeneous case mix in our cohort (that is, low variability of known and unknown risk factors for surgical site infections and consequently, patients being more alike). Only a few of the claims-based comorbidities in our study were found to be significantly associated with surgical site infections, indicating lack of model prediction. Surprisingly, three of four clinically well-recognized risk factors for surgical site infections [1] were not found to be predictive for surgical site infections among patients who underwent TKA. Furthermore, our study cohort possibly had a more severe case mix and was more homogeneous than other large multicenter cohorts-in terms of risk factors and rate of surgical site infections-such as the Medicare population. Nevertheless, it is not fair to discard claims-based models based on the low C statistic in one external dataset, plus the C statistic is only one of many discrimination measures. The integrative discrimination improvement analysis indicates substantial improvement in risk classification among individuals with surgical site infections in the THA cohort. Although the average integrative discrimination improvement of 0.36% in patients with surgical site infections seems like a negligible amount, one must consider this is on a scale of absolute risk and generally the overall risk of surgical site infections is low (approximately 1.7%). Additional studies are warranted to document how comorbidities and clinical riskfactor profiles vary across hospitals and the implications for hospital performance profiling, if any.
To our knowledge, no previous claims-based analyses reported on the performance of the prediction models used, therefore, it is not possible to compare our findings with previously published analyses. Furthermore, study definitions of comorbidities are not alike, except in one study [9] . Although the prevalence of some more common comorbidities and the risk estimates appear to be comparable, there are important differences. For example, the relatively low prevalence of dementia and congestive heart failure may be a reflection of the younger patients and higher proportion of women in our cohort compared with the Medicare datasets. Furthermore, residual confounding is a potential limitation with ICD-based comorbidity definitions owing to coding inaccuracy, completeness, and absence of severity information [18] . An important unexpected finding of our study is that the risk factors for surgical site infections and performance of prediction and risk-adjustment models may differ depending on type of joint replacement surgery. This was suggested previously [31] and deserves further investigation. If true, analyses of outcome data for surgical site infections from combined cohorts should be stratified by surgery type.
In terms of calibration (agreement between observed and predicted outcomes of surgical site infections), it is encouraging that calibration of claims-based models appeared adequate in THA and TKA cohorts, indicating that the predicted probabilities of surgical site infections from the claims-based models were fairly agreeable with the observed rates of surgical site infections. The addition of the four clinical risk factors provided little incremental improvement. However the relatively low incidence of surgical site infections combined with a lack of predictive discrimination resulted in a rather narrow and skewed spread of the 10-decile risk groups from these models. A model that is well calibrated across the entire range of predictions is particularly important in hospital profiling. For example, if the calibration of a surgical site infections model is poor in the most at-risk patients, then a hospital with a worse case mix can be unfairly labeled a poor performer. Our study is limited to one institution and further validation studies in larger, multicenter datasets are needed to better scrutinize the implications of calibration for hospital profiling. Further validation studies are warranted to determine how well claims-based and clinical models perform as a case-mix adjustor across hospitals. The addition of clinical risk factors to claims models can significantly improve discrimination, which suggests that if used in the clinical setting, a higher degree of accuracy in predicting surgical site infections risk is achievable.
Claims-based risk-adjustment models for surgical site infections appeared to be well calibrated in our large cohort of patients who underwent total joint replacements; however, the models lacked strong predictive discrimination. Our findings underscore the importance of external validation studies to better understand the validity and generalizability of claims-based risk models for surveillance of surgical site infections in total joint replacements, and how they can be interpreted when assessing case-mix adjustment and risk prediction in the clinic.
